A novel line of mutant mice [monoamine oxidase A knockout (MAOA A863T KO)] harboring a spontaneous point nonsense mutation in exon 8 of the MAO A gene was serendipitously identi¢ed in a 129/SvEvTac colony. This mutation is analogous to the cause of a rare human disorder, Brunner syndrome, characterized by complete MAO A de¢ciency and impulsive aggressiveness. Concurrent with previous studies of MAO A KO mice generated by insertional mutagenesis ('Tg8'), MAOA A863T KO lack MAO A enzyme activity and display enhanced aggression toward intruder mice. MAOA A863T KO, however, exhibited lower locomotor activity in a novel, inescapable open ¢eld and similar immobility during tail suspension compared with wild type, observations which di¡er from reports of Tg8. These ¢ndings consolidate evidence linking MAO A to aggression and highlight subtle yet distinctive phenotypical characteristics. NeuroReport 19:739^743
Introduction
Monoamine oxidases (MAOs) are the major enzymes responsible for the degradation of biogenic amines and the deactivation of brain monoamine neurotransmitters. The two isoforms characterized to date, A and B, are encoded by different genes closely located on the X chromosome [1] and share 70% amino acid homology [1, 2] . Despite these similarities, their substrate affinity profiles are conspicuously different: MAO A selectively metabolizes serotonin [5-hydroxytryptamine (5-HT)] and norepinephrine (NE), whereas MAO B prefers phenylethylamine [3] . Both catabolize dopamine [4] . Such a divergence is also reflected by their different function in behavioral regulation. In particular, we and other groups have provided cogent evidence that MAO A plays a key role in the modulation of impulsive and aggressive responses (for a review, see Ref. [5] ).
In humans, a point nonsense mutation in exon 8 of the MAO A gene (maoa) causes Brunner syndrome, a recessive X-linked condition characterized by complete absence of MAO A activity in association with mild retardation and violent aggressiveness [6] . The low prevalence of the syndrome and the elusiveness of its nosographical description [7] , however, hinder our understanding of its specific psychobiological determinants and limit our ability to characterize its specific features and distinguish it from other impulse-control disorders, such as the intermittent explosive disorder.
A useful tool to elucidate the phenotypical consequence of MAO A deficiency is afforded by MAO A knockout (KO) mice. A first line of MAO A KO mice (referred to as the 'Tg8' line) was generated by the inadvertent insertion of an IFN-b minigene into exon 2 of the MAO A coding region of onecell embryos of C3H/HeJ mice [8] . Tg8 mice display several behavioral abnormalities, including increased intermale aggression [8] . Nevertheless, the translational value of this line is somewhat tempered by the different mutation site and the presence of the inserted cassette, which may influence the epigenetic regulation of MAO A-dependent behaviors.
Here, we describe the discovery and characterization of a novel, spontaneous point mutation in the eighth exon of the maoa gene in 129/SvEvTac mice. This murine line (MAOA A863T KO) shows enhanced aggression toward intruders, in addition to unique behavioral characteristics, such as a significant reduction in open field locomotor activity.
Materials and methods

Animals
Mice were housed in cages with free access to food and water on a 12-h light cycle in accordance with the protocol approved by the University of Southern California Institutional Animal Care and Use Committee. As our wild type (WT) and MAOA A863T KO are a congenic line on an essentially homogeneous genetic background, we bred WT mice by WT-WT pairs and MAOA A863T KO mice by KO-KO pairs.
Genotyping and sequencing
Mice were genotyped by polymerase chain reaction (PCR) using genomic DNA from tail samples as template and Taq polymerase (Invitrogen, Carlsbad, California, USA). Each sample was genotyped for MAO A using the following primers: MAO A forward: 5 0 -ACGCGCTCTTCTGGTGCAT-3 0 , MAO A reverse: 5 0 -AGCTTACTTCAGGGC-3 0 . MAO A PCR products were then processed with Dra1 (New England Biolabs, Ipswich, Massachusetts, USA), as the loss of this cutting site indicates the A-T point mutation. Undigested PCR products were cloned into a pCR4-topo cloning vector (Invitrogen) and sequencing results analyzed with Sequence Scanner v1.0. Each sample was genotyped for MAO B using the following primers: MAO B forward: 5 0 -CTACAAAGC AGATTGCCACGC-3 0 ; MAO B reverse: 5 0 -TACCTGACATC AACTGGTCCC-3 0 .
MAO A and B catalytic activity assays
One-month-old male WT 129/SvEvTac (n¼3) and MAOA A863T KO (n¼3) mice were killed by cervical dislocation. Liver and brain regions (frontal cortex, hippocampus, cerebellum, and brain stem) were removed and homogenized in assay buffer (50 mM sodium phosphate buffer, pH 7.4). To control for the high level of MAO B in the liver, liver samples were preincubated in 10 À6 M deprenyl (selective MAO B inhibitor) for 20 min at 371C before measurement of MAO A catalytic activity. Catalytic activity for MAO A and B was measured as described previously [9] .
Behavior tests
All behavioral experiments were conducted on male MAOA A863T KO mice (n¼6) and age-matched male WT 129/SvEvTac mice (n¼6), the MAOA A863T KO parental line. Experiments were performed between 13 : 00 and 15 : 00 h. All mice were at least 3 months of age and isolated for a minimum of 10 days before the initiation of behavioral experiments.
Open field
Locomotor activity was measured in a square arena 40 Â 40 cm under low lighting for 5 min. The arena was divided into two virtual zones of equal area, one central and one peripheral. Data were collected by video camera and scored by computer interface (Ethovision, Noldus Inc., Wageningen, the Netherlands). The total distances traveled in the whole arena, center, and periphery (cm), the time spent in the center and periphery (s), the angular (cm/s) and vector (cm/s 2 ) velocities in the whole arena, center, and periphery, as well as the number of entries into the center zone, were recorded.
Tail suspension
Mice were suspended vertically by the tail using medical tape for a total of 6 min without prior habituation to the test room. The duration of immobility (s) and duration of trunk motion (s) were recorded. Trunk motion was defined as whole-body upward movement toward the base of the tail, as opposed to paw movement or twitching. Data were scored using Behavior Tracker software (Greensburg, Pennsylvania, USA).
Resident intruder test
Each mouse was tested in its home cage after a 30-min habituation period in the testing room against an age-matched and weight-matched WT 129/SvEvTac male for a total of 5 min. A fighting bout was defined as a continuous series of behavioral interactions including offensive attack, wrestling, and biting. If 2 s or more elapsed between bouts of fighting, these were considered separate events. For each resident, the number of fighting bouts and latency to first offensive attack (s) were recorded. Resident male tail rattling was also recorded. If 1 s or more elapsed between tail rattles, these were considered separate events. Data were scored using Behavior Tracker.
Statistical procedures
All results are expressed as mean7SEM. Statistical differences between the two genotypes' mean enzyme activity levels, mean duration of immobility and trunk motion during the tail suspension test, and mean latency to first attack and mean numbers of tail rattles and fighting bouts during the resident intruder test were performed using twotailed, unpaired t-tests. Open field data were analyzed by one-way or two-way analysis of variance (ANOVA) as indicated. Statistical significance was accepted at the probability level of Po0.05.
Results
Identification and biochemical characterization of a line of mice harboring a point mutation in maoa A line of mice with a spontaneous point mutation in maoa was discovered through genotyping in a colony of 129/ SvEvTac mice. The unexpected PCR products in these mice revealed the abrogation of a Dra1 restriction enzyme cutting site in the MAO A PCR product, indicating a single point mutation in exon 8 (Fig. 1a) [10, 11] ; MAO B PCR products for the MAOA A863T KO mice are identical to WT (Fig. 1b Subsequent cloning and sequencing of the MAO A and B genotyping PCR products from the MAOA A863T KO line confirmed these results and revealed that the site of this point mutation is very closely located to the site of the point mutation in exon 8 of maoa harbored by humans with Brunner syndrome (Fig. 2) . MAO A enzymatic activity is completely abrogated in the mutant MAOA A863T KO mice, whereas MAO B activity is similar to WT ( Table 1) .
Physical and behavioral characterization
Postnatal MAOA A863T KO pups tend to be smaller in body weight than their WT littermates, but do not display any gross physical deformity or ambulatory impairment. Behavioral studies of the MAOA A863T KO line revealed a decrease in locomotor activity as compared with WT in a novel, inescapable open field (Fig. 3) . Over 3 consecutive test days, MAOA A863T KO mice traveled less throughout the entire arena (two-way ANOVA, F 1,10 ¼14.43, P¼0.003) and averaged lower vector velocity (two-way ANOVA, F 1,10 ¼13.77, P¼0.004). Although MAOA A863T KO mice entered the center zone fewer times than WT on the first day (one-way ANOVA, F 1,10 ¼5.56, P¼0.038) there was no difference in the time spent in the central zone between the two genotypes on either day 1 or over the 3-day test period (day 1, one-way ANOVA, F 1,10 ¼0.05, P¼0.8261; all 3 days, two-way ANOVA, F 1,10 ¼0.01, P¼0.916). MAOA A863T KO also showed higher angular velocity throughout the whole arena on all days (two-way ANOVA, F 1,10 ¼25.92, P¼0.0007).
Complete immobility time did not differ between the two genotypes during the tail suspension test (P¼0.25), although MAOA A863T KO mice did spend significantly more time engaged in trunk motion than WT (P¼0.007, data not shown). The resident intruder test revealed significantly higher aggression in the MAOA A863T KO mice, as indicated by a reduced latency to first attack from 275.5 s in WT to 30.5 s in MAOA A863T KO (Po0.01). In addition, the number of fighting bouts (Po0.05) and resident mouse tail rattles (Po0.05) were significantly increased in MAOA A863T KO.
Discussion
This study is the first report of a novel line of MAO A KO 129/SvEvTac mice, harboring a nonsense point mutation (adenine to thymine) in exon 8, position 863 of the MAO A gene. This mutation changes a lysine to a premature stop codon in exon 8, presumably leading to nonsense-mediated mRNA decay [12] . A crystal structure of the human MAO A protein has recently become available, revealing key differences in its quaternary structure and active site as compared with the previously elucidated human MAO B and rat MAO A structures [13] . These data may add to our understanding of these isoenzymes' substrate and inhibitor affinities [3] . Different mutations in the same gene have been shown to lead to KO lines with distinct phenotypes [14, 15] . Thus, the availability of different mutant lines for the same gene offers an interesting approach to elucidate the mechanisms of functional regulation of the targeted genes and proteins. We previously generated a different frameshift mutation of MAO A gene by accidental insertion of interferon b transgene in exons 2 and 3 in C3H mice (Tg8) [8] . These mice display marked levels of aggressiveness in the resident-intruder paradigm, and a number of other alterations in exploratory behavior [8, 16] .
Similarly to Tg8 mice, MAOA A863T KO resident mice exhibited a significant reduction in latency to attack as well as increased fighting behavior and tail rattling when exposed to WT intruders in the resident-intruder paradigm. This finding further confirms that MAO A deletion results in aggressiveness and impulsivity, behaviors likely mediated by increased 5-HT and NE. Indeed, genetic reduction of NE function reduces aggression in the resident-intruder paradigm [17] , whereas altered 5-HT metabolism has been associated with aggression and poor impulse control in both humans and primates [6, 18] . Although brain monoamine levels were not quantified for In contrast to Tg8 mice [19] , however, MAOA A863T KO displayed a markedly reduced locomotion in the open field. As MAOA A863T KO mice do not exhibit any apparent impairment in gait, this finding suggests that the reduction of locomotor activity may be a unique phenotype of this line. This difference may reflect a divergent environmental reactivity. Indeed, MAOA A863T KO failed to display significant changes in absolute immobility time in the tail suspension test, a dependable parameter for the measurement of depressive-like behaviors [20, 21] . This evidence is at variance with previous findings on Tg8 mice, indicating reduced immobility duration in another validated model of depression, the forced swim test [8] . A possible interpretation for this apparent discrepancy is that Tg8 and MAOA A863T KO mice may display a different sensitivity to environmental stress. Different intrinsic variations between the two mutations or the two different background strains (129/SvEvTac and C3H/HeJ) may account for these divergent phenotypes.
Interestingly, a mutation identical to that harbored in the MAOA A863T KO mice was discovered in a colony of MAO B KO mice [10] (also from a 129/SvEvTac parental strain), producing MAO A/B double KO (MAO AB KO) mice which are deficient in both isoenzymes [11] . MAO AB KO mice display a phenotype that is distinctive from either Tg8 or MAO B KO mice, characterized by increased anxietylike behavior [11] .
It is worth noting that the nonsense point mutation in MAOA A863T KO mice is similar to the human mutation reported in Brunner syndrome. This resemblance highlights Distance traveled (cm) * * * * * * * * * * MAOA A863T KO mice as a highly reliable model to study the neurochemical and neurophysiological alterations associated to Brunner syndrome and related disorders.
Conclusion
MAOA A863T KO mice are the first murine line with a naturally occurring nonsense mutation of MAO A gene. The similarity of this mutation to the human condition makes this line of mice a valuable tool for translational research, and further exploration of the role of this enzyme on brain function and behavioral regulation.
